The biosynthesis of several protein cofactors is subject to feedback regulation by riboswitches [1] [2] [3] . Flavin mononucleotide (FMN)-specific riboswitches 4, 5 , also known as RFN elements 6 , direct expression of bacterial genes involved in the biosynthesis and transport of riboflavin (vitamin B 2 ) and related compounds. Here we present the crystal structures of the Fusobacterium nucleatum riboswitch bound to FMN, riboflavin and antibiotic roseoflavin 7 . The FMN riboswitch structure, centred on an FMN-bound six-stem junction, does not fold by collinear stacking of adjacent helices, typical for folding of large RNAs. Rather, it adopts a butterfly-like scaffold, stapled together by opposingly directed but nearly identically folded peripheral domains. FMN is positioned asymmetrically within the junctional site and is specifically bound to RNA through interactions with the isoalloxazine ring chromophore and direct and Mg
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The biosynthesis of several protein cofactors is subject to feedback regulation by riboswitches [1] [2] [3] . Flavin mononucleotide (FMN)-specific riboswitches 4, 5 , also known as RFN elements 6 , direct expression of bacterial genes involved in the biosynthesis and transport of riboflavin (vitamin B 2 ) and related compounds. Here we present the crystal structures of the Fusobacterium nucleatum riboswitch bound to FMN, riboflavin and antibiotic roseoflavin 7 . The FMN riboswitch structure, centred on an FMN-bound six-stem junction, does not fold by collinear stacking of adjacent helices, typical for folding of large RNAs. Rather, it adopts a butterfly-like scaffold, stapled together by opposingly directed but nearly identically folded peripheral domains. FMN is positioned asymmetrically within the junctional site and is specifically bound to RNA through interactions with the isoalloxazine ring chromophore and direct and Mg 21 -mediated contacts with the phosphate moiety. Our structural data, complemented by binding and footprinting experiments, imply a largely pre-folded tertiary RNA architecture and FMN recognition mediated by conformational transitions within the junctional binding pocket. The inherent plasticity of the FMN-binding pocket and the availability of large openings make the riboswitch an attractive target for structure-based design of FMN-like antimicrobial compounds. Our studies also explain the effects of spontaneous and antibiotic-induced deregulatory mutations and provided molecular insights into FMN-based control of gene expression in normal and riboflavin-overproducing bacterial strains.
Riboswitches that target protein cofactors constitute the most abundant class of untranslated messenger RNA (mRNA) regions capable of direct sensing of cellular metabolites 8 . Recent threedimensional structures of thiamine pyrophosphate (TPP) [9] [10] [11] and S-adenosyl-L-methionine (SAM) 12, 13 riboswitches provided the first insights into the molecular organization of cofactor-specific riboswitches. Nevertheless, additional structural studies are required to explain the principles of RNA folding and ligand recognition for larger riboswitches, such as those that target adocobalamin 14 and FMN 4, 5 . The determination of the FMN riboswitch structure could be especially interesting and timely, given the predicted complexity of its riboswitch fold, the abundance of this riboswitch in pathogenic species 7, 8 and its involvement in riboflavin overproduction in biotechnologically relevant bacterial strains 15 . Fusobacterium nucleatum plays a role in periodontal disease and other human infections and is considered one of the most pathogenic bacteria of the genus 16 . The intracellular concentration of FMN in F. nucleatum is apparently controlled by a transcription attenuation mechanism involving two riboswitches, positioned before the riboflavin synthetic genes of the ribHDE(B/A) operon and the candidate riboflavin transporter impX gene ( Supplementary Fig. 1 ) 17 . We have determined the 2.95-Å structure of the FMN-bound 112-nucleotide F. nucleatum impX RFN element, which conforms well with the consensus sequence and the six-helical junctional secondary structure characteristic of this riboswitch family (Fig. 1a-c and Supplementary Fig. 2a, b) . The structure features a complex FMNbound junctional region stapled together by two peripheral domains, P2-P6 and P3-P5. Each peripheral domain is formed by two interacting stem-loops, stabilized by two pairs of tertiary contacts involving loop-loop (L2-L6 and L3-L5) and loop-helix (L6-P2 and L3-P5) interactions ( Fig. 1a and Supplementary Fig. 3a, b) , resulting in an overall butterfly-like fold (Fig. 1c) . Stems P1 and P4 radiate in opposite directions from the bottom part of the junction. Most unexpectedly, the peripheral domains show nearly identical conformations when superposed by ,180u rotation along the axis directed through the central region of the riboswitch (Fig. 1d) . Though symmetry is not a characteristic feature of large RNAs, such local symmetry has also been identified in the ribosome 18 . Surprisingly, the pseudo-symmetrical FMN does not take advantage of the twofold symmetry between riboswitch elements, because its isoalloxazine ring and phosphate are oriented towards different riboswitch domains. The peripheral domains contain small RNA motifs 19, 20 , such as a T-loop 8, 21, 22 ( Supplementary Fig. 3c ), and show a striking resemblance to larger architectural modules found in 23S ribosomal RNA (rRNA) 19 ( Supplementary Fig. 4 ). Despite this similarity, the domains serve as molecular staples to hold and shape the FMNbinding pocket in the riboswitch, whereas in rRNA they form stable platforms for interactions with proteins and other rRNA segments 23 . Comparison of the loop-helix interactions uncovers a small difference that may contribute to gene expression regulation. In the P2-P6 domain, invariant G12 from the G12N(G93-C30) triple (Fig. 1e) replaces the corresponding A63 in the stable A-minor A63N(G41-C82) triple from the P3-P5 domain (Fig. 1f) . To prevent a steric clash with the G93-C30 pair, the G12 base is moved out of the triple plane, thereby weakening both G12N(G93-C30) and G11N(G84-C31) triples. The lower stability of these adjacent triples could enhance the mobility of the J1-2 segment, highlighting its contribution to the coenzyme-sensitive switch governing gene regulation. In essence, the J1-2 segment participates in anti-terminator formation in the absence of FMN, whereas in the FMN-bound state it is locked up in the junction, thereby facilitating formation of the regulatory P1 helix.
In contrast to other multi-stem junctional riboswitches [9] [10] [11] 13, [24] [25] [26] [27] , the junctional region of the FMN riboswitch is not constructed on the basis of collinear stacking of adjacent helices, but instead is composed of several non-paired segments, which provide a smooth transition between adjacent helices ( Fig. 1c and Supplementary Fig. 3d , e). Unlike coenzymes in other riboswitches [9] [10] [11] 13 , the oxidized FMN is positioned centrally inside the junctional region and is surrounded by all six RNA stems (Figs 1c and 2a) . The planar isoalloxazine ring system intercalates between A48 and A85, thereby providing a continuous stacking (Fig. 2b) . The ribityl moiety of FMN uses only one of its four oxygens for hydrogen bonding, whereas phosphate oxygens form additional hydrogen bonds with Watson-Crick edges of several conserved guanines. The interaction between the phosphate of FMN and RNA is also bridged by metal ion M1, assigned as Mg 21 , which directly coordinates the phosphate oxygen of FMN and the N7 position of G33, and forms several water-mediated contacts with neighbouring nucleotides (Fig. 2c) . In support of the structural data, the binding affinity of riboflavin, the FMN precursor, which lacks the phosphate and does not control gene expression, decreases by about 1,000-fold, compared with binding of FMN to both F. nucleatum and Bacillus subtilis 5 riboswitches (Fig. 2d and Supplementary Fig. 5 ). The additional removal of the ribityl moiety in lumiflavin reduces binding affinity to only a very small extent (Fig. 2d) . In contrast to the FMN riboswitch, the in-vitro-selected RNA aptamer does not bind the phosphate moiety of FMN and uses the Hoogsteen edge of adenine for specific recognition of the ring system ( Supplementary Fig. 6 Supplementary Fig. 7 ). Cs 1 cations failed to replace M1 and were found in the P3 stem and next to the FMN ring system ( Supplementary Fig. 8 ), where a Cs 1 replaces a K 1 (labelled M2, Fig. 2a ) cation. The interactions between FMN and the riboswitch critically depend on the physiological concentration of Mg 21 ( Fig. 2e and Supplementary Fig. 9a ), and can be enhanced further by addition of 100 mM K 1 ( Supplementary Fig. 9b ). Smaller and larger monovalent cations, such as Na 1 and Cs
, potentiate FMN binding to a lesser extent than K 1 ( Supplementary Fig. 9c ). The identity of the divalent cation appears not to be crucial for FMN Figs 9a, b  and 10 ). It is likely that cation M1 contributes significantly to the metal dependence of the FMN binding, because the coenzyme binds the riboswitch equally well in the presence of cobalt hexamine, which can be accommodated with some adjustments in the M1 position ( Supplementary Figs 9b and 11) , whereas bulkier iridium hexamine, which does not fit into the M1 position, reduces binding affinity about 15-fold ( Supplementary Figs 9b and 12) . Unlike the M1 site, the M2 position constitutes part of a larger cation-binding area, which extends towards G11 and FMN and which can accommodate all soaked metals, except Mn 21 . Though cations in this area stabilize the FMN-binding pocket, the weaker dependence of FMN binding on monovalent cations (Supplementary Fig. 9a, b) suggests a less critical role of the M2 site for FMN-riboswitch complex formation.
To gain further insights into the ligand discrimination by FMN riboswitches, we have determined crystal structures of the riboswitch in complex with riboflavin and roseoflavin 7 (Fig. 3a, b) . In the riboflavin-bound structure, the P4 helix is shifted towards the ligand-binding pocket ( Supplementary Fig. 13a ) and several nucleotides that are close to the phosphate-binding cavity and the hydrophobic edge of the ring system become slightly re-positioned (Fig. 3a) . The roseoflavin-bound structure adopts a conformation similar to the riboflavin-bound structure ( Supplementary Fig. 13b) , with additional spatial adjustments of U61 and G62 to accommodate the dimethylamino group that substitutes for a methyl on the hydrophobic edge of the isoalloxazine ring system (Fig. 3b) . Such liganddependent conformational changes have been described earlier only for the TPP riboswitch 11 . In contrast to similar recognition of the ring system, the ribityl moieties of all three FMN riboswitch ligands adopt slightly different conformations and exhibit somewhat different interactions with the RNA. As expected, no metal M1 was found in the two analogue complexes, given that analogues lack a phosphate group. The transcription of the mRNA that contains the FMN riboswitch was found to be inhibited in vitro by another coenzyme, flavin adenine dinucleotide (FAD) 4 , used at a 17-fold higher concentration than FMN. Our structure-based modelling of a FAD-riboswitch complex supports the possibility of FAD-mediated control of the FMN riboswitch 4 because FAD can be accommodated within the binding pocket after minor conformational adjustments (Supplementary Fig. 14) . The observed plasticity of the ligand-binding pocket, together with the large openings next to the edges of the ring system (Fig. 3c ) and the phosphate-binding site ( Supplementary Fig.  15 ), makes the FMN riboswitch an attractive target for the structurebased design of FMN-like antimicrobial compounds.
Because the bound FMN is enveloped by the RNA, the FMN riboswitch is anticipated to re-arrange its conformation on complex formation. To access these potential conformational changes, we have performed footprinting experiments using nucleases V1 (paired and stacked regions) and T2 (single-stranded regions) (Fig. 4a) . Despite similar conformations of the peripheral domains, the P2-P6 domain is more accessible to both nucleases ( Supplementary Fig.  16 ), and exhibits more pronounced FMN-induced changes (Fig. 4b) than its P3-P5 counterpart, implicative of a more rigid conformation for the P3-P5 domain. Nevertheless, the FMN-induced changes in the peripheral domains are not extensive and are consistent with a largely pre-formed conformation for these regions. The presence of V1 and the absence of T2 cleavages indicate that nucleotides of the junctional segments are most likely involved in stacking interactions in the unbound state. Most of these nucleotides, which are clustered around the phosphate (nucleotides 10, 29-33) and isoalloxazine ring system (nucleotides 46-50, 97-102) of FMN and are adjacent to the P1 helix (nucleotides 9, 104), become protected on FMN binding owing to the mobility restrictions and shielding by neighbouring -mediated interaction of the FMN phosphate with RNA, coupled with intercalation and base-specific interactions involving the isoalloxazine ring system. These interactions should stabilize the J1-2 segment (G10-G12) and, in accordance with the strongest protections (Fig. 4a, b) , bring the nuclease-accessible J6-1 segment (A99-G104) and the C8-G9 step close to each other. Such positioning provides partial stacking between the J6-1 segment (A99-G104) and the helix P1-forming strands, and facilitates formation of the non-canonical G10NG47 pair, the type I A-minor motifbased G9NA104N(G33-C46) tetrad, the C8-G105 base pair, and other base pairs of the P1 helix (Fig. 4c) .
Because riboflavin biosynthetic capability is lacking in higher animals, riboflavin is traditionally used for food and feed fortification. Riboflavin can be produced in bacterial strains selected as roseoflavinresistant mutants with deregulated riboflavin biosynthesis 15 . The FMN riboswitch structure ( Supplementary Fig. 18 ) readily explains the effects of deregulated mutations 15, 29 . Surprisingly, most of the mutations are concentrated in the peripheral domains, where they destabilize the helices or directly disrupt tertiary contacts. Mutations G32A/C and G62A found in the FMN-binding pocket disrupt the G62N(C83-G32) triple (Fig. 1f) , which interacts with the Mg 21 -coordinated phosphate of FMN. Two other mutations, G105U and G108A, prevent formation and/or affect stability of the regulatory P1 helix.
Recent studies have demonstrated slow kinetics of association and dissociation for the FMN-riboswitch complex, supportive of a kinetically driven riboswitch mechanism 30 . These kinetic characteristics are consistent with the recognition principles identified in our threedimensional structure. Indeed, riboswitch folding requires formation of multiple non-canonical and tertiary interactions and other conformational adjustments on FMN binding, which together may account for the slow association rate. Subsequent FMN release is likely to be slowed down due to envelopment of the ligand by the RNA. The propensity of other large riboswitches to function as kinetically driven genetic switches remains a challenging area for future exploration.
METHODS SUMMARY
Crystallization and structure determination. The complexes of the riboswitch with FMN and its analogues were prepared by mixing 0.4 mM RNA with 0.7 mM ligand in a buffer containing 100 mM potassium acetate, pH 6.8, and 4 mM MgCl 2 . FMN-riboswitch crystals were grown by hanging-drop vapour diffusion after mixing the complex with the reservoir solution (0.1 M MES-sodium, pH 6.5, 100 mM MgCl 2 and 10% (w/v) PEG 4000) at equimolar ratio. For soaking, crystals were incubated for 10 h in the reservoir solution supplemented with 25% glycerol and the following heavy atom salts: 5 mM [Ir(NH 3 ) 6 ]Cl 3 , 15 mM MnCl 2 , 10 mM [Co(NH 3 ) 6 ]Cl 3 , 30 mM BaCl 2 and 30 mM CsCl. Crystals were flash frozen in liquid nitrogen and data were collected at 100 K. The structure was determined using 3.0-Å multiwavelength anomalous dispersion (MAD) iridium data ( Supplementary Fig. 19 and Supplementary Table 1 ) and refined to R work / R free 20.0/24.3 with a native data set. FMN and cations were added to the model based on the analysis of 2F o 2 F c , F o 2 F c and anomalous electron density maps. Analogue-bound and metal-soaked riboswitch structures were refined using the native riboswitch model (Supplementary Table 2 
